A Tbx1-Six1/Eya1-Fgf8 genetic pathway controls mammalian cardiovascular and craniofacial morphogenesis Chaoshe Guo, … , Anne Moon, Xue Li J Clin Invest. 2011;121(4):1585-1595. https://doi.org/10.1172/JCI44630. Shared molecular programs govern the formation of heart and head during mammalian embryogenesis. Development of both structures is disrupted in human chromosomal microdeletion of 22q11.2 (del22q11), which causes DiGeorge syndrome (DGS) and velocardio-facial syndrome (VCFS). Here, we have identified a genetic pathway involving the Six1/Eya1 transcription complex that regulates cardiovascular and craniofacial development. We demonstrate that murine mutation of both Six1 and Eya1 recapitulated most features of human del22q11 syndromes, including craniofacial, cardiac outflow tract, and aortic arch malformations. The mutant phenotypes were attributable in part to a reduction of fibroblast growth factor 8 (Fgf8), which was shown to be a direct downstream effector of Six1 and Eya1. Furthermore, we showed that Six1 and Eya1 genetically interacted with Fgf8 and the critical del22q11 gene T-box transcription factor 1 (Tbx1) in mice. Together, these findings reveal a Tbx1-Six1/Eya1-Fgf8 genetic pathway that is crucial for mammalian cardiocraniofacial morphogenesis and provide insights into the pathogenesis of human del22q11 syndromes.
Introduction
Progenitors of the cardiac and craniofacial skeletal muscles arise from subdomains of a contiguous field of cephalic mesoderm: the ventrolateral primary heart field (PHF) and the dorsomedial cranial paraxial mesoderm (CPM), respectively. A distinct population of mesodermal progenitors located in between the PHF and CPM, called the secondary heart field (SHF), forms the cardiac outflow tract (OFT) and the RV in mammals (1) (2) (3) (4) (5) . Recent studies demonstrated that genes critical for SHF development are also required for formation of the head branchiomeric muscles, which control jaw movement, facial expression, and pharyngeal functions (6, 7) , and that head muscles and heart may a share common lineage (8) . However, the molecular mechanisms that couple development of heart and face are poorly understood.
In humans, deletions of chromosome 22q11.2 cause del22q11 syndrome, DiGeorge syndrome (DGS), and velo-cardio-facial syndrome (VCFS). Affected patients exhibit a wide spectrum of developmental defects, including craniofacial anomalies, dysmorphogenesis of cardiovascular structures, and hypoplasia of the thymus and parathyroid glands (9, 10) . Additionally, more than 30% of del22q11 patients have renal defects; however, the underlying etiology remains to be elucidated. T-box transcription factor 1 (TBX1) is located in the 22q11.2 critical region, and TBX1 haploinsufficiency is a major contributor to human del22q11 phenotypes and to murine models of the syndrome (11, 12) . Mouse Tbx1 is expressed in SHF cardiac progenitors and is required for their proliferation as well as for cranial skeletal muscle development (13) (14) (15) (16) (17) . Similar to human hemizygous del22q11 phenotypes, mouse Tbx1 haploinsufficiency causes aortic arch defects, whereas Tbx1-null mutants exhibit more severe cardiac and craniofacial anomalies (18) (19) (20) .
Although human fibroblast growth factor 8 (FGF8) does not map to the 22q11.2 region, FGF8 and FGF signaling pathways are critical for cardiovascular development and have been directly implicated in the etiology of del22q11 syndromes (12, 21) . Autocrine function of murine Fgf8 controls proliferation and survival of SHF cardiac progenitors (22, 23) , whereas paracrine Fgf8 signals from the pharyngeal ectoderm and endoderm epithelia control formation and remodeling of both craniofacial structures and aortic arch arteries and cardiac OFT (13, (24) (25) (26) . Double-heterozygous Tbx1 +/-Fgf8 +/mutant embryos exhibit increased incidence of pharyngeal arch (PA) artery remodeling anomalies (27, 28) , demonstrating a genetic link between Tbx1 and Fgf8 during vascular morphogenesis. Fgf8 activity has to be precisely controlled, as too much or too little is detrimental to cardiovascular development (29) . For example, mutations of components of the Notch signaling pathway cause congenital heart defects in humans (30) , which depends in part on modulation of Fgf8 expression in the SHF (31) . Fgf8 hypomorphic mice with reduced Fgf8 expression display a range of pharyngeal and cardiovascular phenotypes (32) . Forced expression of Fgf8 in a Tbx1-null background could not fully rescue the cardiac defects of Tbx1-null mutants and even increased the incidence of cardiovascular defects (28, 33) . Despite the critical role of Fgf8, little is known about the direct transcriptional mechanism responsible for its gene regulation during cardiovascular development (14, 27, 34) .
We reported previously that the evolutionarily conserved homeodomain transcription factor Six1 and its canonical coactivator Eya1 synergistically control organ-specific progenitor cell proliferation and survival (35) . Deletion of either Six1 or Eya1 phe-nocopies human branchio-oto-renal (BOR) syndrome, which is characterized by congenital preauricular pits, branchial fistulas, hearing loss, and renal agenesis (35) (36) (37) . Human EYA1 mutations are also found in patients with congenital cardiac abnormalities (38, 39) . Mutation of the EYA1 homolog EYA4 causes dilated cardiomyopathy (40) . Therefore, the Six1/Eya1 complex may have yet unidentified roles during cardiovascular development.
Here, we demonstrate that double-null Six1 -/-Eya1 -/mutant mice exhibited phenotypes similar to Tbx1 and Fgf8 mouse mutants and phenocopied human del22q11 syndromes, including the major craniofacial and cardiovascular phenotypes. We provide genetic and molecular evidence indicating that a Tbx1-Six1/Eya1-Fgf8 pathway is critical for morphogenesis of cardiocraniofacial structures and propose that mutations of SIX1 and EYA1 may contribute to the pathogenesis of both del22q11-like and BOR syndromes in humans.
Results

Six1 and Eya1 regulate cardiovascular and craniofacial morphogenesis.
To determine a potential role of Six1 and Eya1 in cardiovascular development, we analyzed the cardiac phenotype of embryos with null mutation of 1 or both copies of Six1 and Eya1. While Six1 +/-Eya1 +/embryos had normal morphology of the aorta and pulmonary arteries, further loss of function of either Six1 or Eya1 caused a spectrum of abnormalities of great artery patterning ( Figure 1 and Table 1 ) consistent with abnormal development of the PA arteries and characteristic of del22q11 syndromes (9, 10) . For instance, 78% of Eya1 -/mutants had aortic arch defects (n = 13), including 54% with interrupted aortic arch type B (IAA-B), in which the transverse arch is disrupted between the left com-mon carotid and left subclavian arteries. Other vascular anomalies found in Eya1 -/mutants included retroesophageal right subclavian artery (23%) and vascular ring (16%). Six1 -/-Eya1 -/mutant embryos had a higher incidence and greater severity of cardiovascular phenotypes ( Table 1) . Instead of the normal OFT pattern, in which the aorta and pulmonary arteries connect to the LV and RV, respectively, 100% of Six1 -/-Eya1 -/embryos exhibited OFT defects (n = 7). We found 14% had double-outlet RV (DORV), in which both great vessels arise from the RV, and egress of blood from the LV is via a ventricular septal defect ( Figure 1I ). Such defects were present in 100% of compound mutants. Approximately 70% of Six1 -/-Eya1 -/mutants had a single, unseptated outflow vessel, and the outflow valve contained 3 or 4 leaflets ( Figure 1J ). These SHFrelated defects are found in the human del22q11 patient population: persistent truncus arteriosus (PTA; a single unseptated OFT and outflow vessel reflecting failure of the embryonic truncus arteriosus to septate into 2 ventricular outflows); pulmonary atresia; tetralogy of Fallot; and, rarely, DORV (41, 42) . They are also seen in animal models, including mouse mutants of Tbx1 and Fgf8 (13, 18-20, 22, 23, 25, 26, 43) , manipulation of avian Fgf8 expression (29) , and SHF ablation in chicks (44) .
In addition to cardiovascular defects, Six1/Eya1 compound mutants exhibited a spectrum of craniofacial phenotypes, including micrognathia (small jaw) and cleft palate phenotypes found in human del22q11 patients (Supplemental Figure 1 and Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/JCI44630DS1) (9, 10, 35, 36, 45) . Six1 -/mutants had micrognathia, dysmorphogenesis of the midface, and deformation of nasal structures (Supplemental Figure 1 , A-F). Eya1 -/mutants had milder facial defects. Compound mutants exhibited progres- sively worse phenotypes, with the most severe defects found in the Six1 -/-Eya1 -/mutants. To determine whether Six1 and Eya1 are part of the genetic program required for formation of both cardiac and branchiomeric skeletal muscles (6, 7), we examined all cranial skeletal muscles using an antibody marker, MF20 (myosin heavy chain-specific antibody) (Supplemental Figure 1 , G-H). Similar to the mouse Tbx1 mutant model of del22q11 syndromes (17) , Six1 and Eya1 compound mutants had severely hypoplastic branchiomeric muscles. Six1 -/-Eya1 -/mutants also had hypoplastic extraocular muscles, muscles of facial expression, and tongue. Thus, Six1 and Eya1 are required for both cardiovascular and craniofacial development.
Six1 is transiently expressed in a subset of cardiac progenitors. The surprising SHF-related OFT septation and alignment defects suggest a direct involvement of Six1 and Eya1 in the function of cardiac progenitors in the SHF. We therefore reexamined the early expression pattern of these genes during cardiogenesis, initially using a gene-specific RNA in situ hybridization approach (Supplemental Figures 2 and 3 and refs. 46, 47) . At the cranial level, Six1 and Eya1 exhibited a lateromedial mesoderm expression gradient at E8.5: strong lateral expression in the CPM, faint but detectable expression in the SHF/splanchnic mesoderm (SHF/SpM), and undetectable expression in the PHF (Supplemental Figures 2 and 3 ). These findings indicated that Six1 and Eya1 are indeed expressed in the cardiac progenitors in the SHF/SpM. However, their signal intensities, a reflection of both gene expression level and sensitivity of the gene-specific probe, were considerably less than those of the known SHF progenitor marker genes Tbx1 and islet LIM homeobox 1 (Isl1) (Supplemental Figures 2 and 3) .
To better characterize the Six1 expression pattern and cell lineages, we generated a Six1 Cre/hpAP knockin/knockout mouse allele that expresses the Cre recombinase and a sensitive reporter, human placental alkaline phosphatase (hpAP). The dicistronic Cre/hpAP gene replaces and inactivates Six1 using the same targeting strategy we reported previously (35) . hpAP activity driven by this allele provided a surrogate for Six1 expression and allowed us to better define the location, number, and fate of Six1-positive (Six1 + ) progenitors. We detected hpAP activity in the cardiogenic mesoderm at E7.5 (Figure 2 , B-D), but not in the primitive heart tube at E8.5 ( Figure 2 , E and F) or in the heart at subsequent stages (data not shown). Consistent with the RNA in situ analysis (Supplemental Figures 2 and 3 ), we also detected strong endoderm staining as early as E7.5 and ectoderm staining at E8.5 (Figure 2 , C and F). The hpAP activity was maintained in skeletal muscle and thymus, but absent from mature cardiac and renal tissues at later developmental stages (data not shown). Figure 4 , C-J), which suggests that Six1 is expressed in epicardial progenitors (49) (50) (51) . Thus, in addition to the previous reports of Six1 expression in the pharyngeal ectoderm and endoderm, and the cranial skeletal muscle progenitors (35, 36) , our detailed expression and fate-mapping analyses demonstrated that Six1 was also expressed in cardiac progenitors in the SHF and proepicardium during cardiovascular development ( Figure 2O ). We posit that the combination of Six1 and Eya1 function in all these cells is required for normal cardiovascular and craniofacial morphogenesis.
Six1 and Eya1 are required for cell survival and proliferation. We have shown previously that the Six1/Eya1 transcription complex is essential for renal progenitor cell survival and proliferation at E11.5 and E12.5 (35, 36, 52) . Thus, we analyzed early-stage (E9.5 and E10.5) Six1 -/-Eya1 -/mutants to determine whether a similar mechanism contributes to cardiovascular morphogenesis ( Figure 3 ). We detected an approximately 50% reduction in phospho-histone H3-labeled (pH3-labeled) cells in the PAs and OFT of whole-mount and sectioned Six1 -/-Eya1 -/specimens ( Figure 3 and data not shown). Cardiac progenitors in the SHF/SpM had an approximately 48% reduction in pH3 labeling, and those in the foregut endoderm had an approximately 40% reduction (Figure 3 , A-D). More apoptotic cells were detected in the SHF pharyngeal ectoderm and endoderm of the Six1/Eya1 mutants relative to controls, based on both Lyso-Tracker and TUNEL staining (Figure 3 , E-L, and data not shown). Thus, reduced proliferation and survival of the SHF and the pharyngeal ectoderm and endoderm epithelia in Six1/Eya1 mutants likely contributes to the observed cardiovascular phenotypes, as has been reported in Tbx1 and Fgf8 mouse mutants with similar phenotypes. We also observed a substantial increase in apoptosis in the pharyngeal mesenchyme cells derived from either mesoderm or neural crests ( Figure 3I ). Defects of a specialized population of cardiac neural crest cells (CNCs) result in cardiovascular phenotypes similar to those found in the Six1/Eya1 mutants (53) (54) (55) . To analyze CNCs specifically, we examined the expression patterns of transcription factor AP-2α (AP2) and plexin A2 (Plxna2) (Supplemental Figure 5 ). These genes were detected in migrating CNCs in the mutant pharynx (AP2) and postmigratory CNCs in the mutant OFT (Plxna2) (Supplemental Figure 5 ). AP2 expression in the ectoderm was unaffected (Supplemental Figure 5H ), but staining in the caudal pharynx was decreased (Supplemental Figure 5 , D and G, arrow). Consistent with a potential increase of CNC apoptosis ( Figure 3I ), the intensity of Plxna2 staining in the prongs of CNCs invading the OFT appeared to be decreased (Supplemental Figure 5B ), suggestive of fewer invading CNCs in the mutants. Together, these findings suggest that Six1 and Eya1 are required for CNC survival and that decreased CNC number and/or CNC dysfunction in the mutants may also contribute to the hypoplastic OFT cushions and septation failure.
Fgf8 expression depends on Six1 and Eya1 in vivo. To identify Six1/ Eya1-dependent genetic pathways that regulate cardiovascular morphogenesis, we examined expression of a panel of molecular markers known to be important in SHF survival and function, including Tbx1, Isl1, Fgf8, and Fgf10 (Figure 4 and Supplemental Figures 6-8 ). Of these genes, Fgf8 exhibited a drastic reduction in expression throughout the PAs and the SHF at E9.5 in Six1 -/-Eya1 -/mutants; expression levels of Tbx1 and Isl1 were unaltered despite the severe hypoplastic caudal arch defect (Figure 4 , A-D and Supplemental Figures 6-8) . Consistent with the gross cardiocraniofacial phenotypes (Figure 1 ), we noted that Fgf8 expression in the caudal pharyngeal region and the SHF was more sensitive to the loss of Eya1 than of Six1, and the reverse was true in the first arch ( Figure 4 , B and C). Similar to Six1 and Eya1, Fgf8 is required for SHF progenitor cell proliferation and survival (22, 23, 25, 26) , and Fgf8 mouse mutants display phenotypic features of del22q11 syndrome (32, 56) . In contrast to Tbx1 mutants, in which both Fgf8 and Fgf10 are reduced, expression of Fgf10 in Six1 -/-Eya1 -/mutants was slightly increased (Supplemental Figure 7) . Baldini and col- leagues have demonstrated that Tbx1 can directly regulate Fgf10 in vitro (16) , but it is not yet clear whether Fgf8 is also a direct target of Tbx1 in some tissues (14) . Our results suggest an alternate mechanism, in which Tbx1 may regulate Fgf8 expression through the Six1/Eya1 transcription complex.
The Six1/Eya1 transcription complex directly controls Fgf8 expression in vivo. To test whether Six1 and Eya1 directly control Fgf8 gene expression, we first questioned whether they are expressed in the same cells. We used double-heterozygous Six1 hpAP/Cre/+ Fgf8 eGFP/+ embryos to address this question. Expression of eGFP in these embryos depends on the endogenous promoter activity of both Fgf8 and Six1 and therefore can be used as a sensitive indicator of the same cell lineages (25) . Six1 hpAP/Cre/+ Fgf8 eGFP/+ embryos displayed strong Fgf8/eGFP expression in the pharyngeal region and the cardiac OFT ( Figure 4E ), which is similar to previously reported Fgf8/ eGFP activity (25) . These Fgf8/eGFP + lineages included Nkx2.5 + cells in the bulbus cordis and the conotruncus (which contribute to the RV and OFT, respectively; Figure 4 , F and G) and Isl1 + cells in the pharyngeal endoderm and ectoderm and the SHF/SpM (Figure 4 , H and I). Furthermore, Fgf8/eGFP colocalized with Six1/Cre immunoreactivity in the SHF/SpM and pharyngeal endoderm (Figure 4 , J and K), which suggests that Six1 and Fgf8 are coexpressed in multiple cell lineages.
To examine whether Six1/Eya1 can directly regulate Fgf8 expression, we analyzed a genomic fragment containing an Fgf8 enhancer sufficient to drive transgene reporter expression in pharyngeal ectoderm and endoderm and in cardiac OFT (14) . The proximal Fgf8 promoter has 3 conserved regions in mice, rats, cows, and primates, and we identified 4 putative Six1 binding sites distributed among those 3 regions ( Figure 4L ). The second and third sites were clustered in the second conserved region (~130 bp). A luciferase reporter driven by a 2.4-kb mouse Fgf8 enhancer fragment had negligible activity after transient transfection in HEK293 cells. Cotransfection of either Six1 or Eya1 resulted in a 3-fold increase in reporter activity, and there was synergistic enhancement of the reporter activity to approximately 13-fold when both factors were present ( Figure 4M ). Because truncation analyses indicated that the second conserved region (Fgf8-d) had relatively higher activity than the first and third regions ( Figure 4N ), we focused on the 2 putative Six1-binding sites within the second conserved region. Mutation of these 2 sites significantly decreased reporter activity ( Figure 4O ). To confirm that Six1 binds directly to the endogenous Fgf8 enhancer, we purified Six1-associated chromatin from E9.5 mouse embryonic PAs and cardiac tissues. Real-time quantitative PCR analyses indicated that binding of Six1 to the endogenous Fgf8 enhancer was enriched more than 4-fold relative to the coding region of Fgf8 and IgG control ( Figure 4P ). Together, these findings strongly suggest that the Six1/Eya1 transcription complex directly regulates Fgf8 gene expression in vivo.
To further establish the functional relationship in vivo between Six1 and Fgf8, we analyzed compound Six1 Cre/hpAP/-Fgf8 f/+ mutants (ref. 32 and Supplemental Figure 9 ). In these mutants, a single allele of Fgf8 is inactivated specifically in Six1-expressing cells. Six1 -/and Six1 Cre/hpAP/+ Fgf8 f/+ mutants had only rare great vessel defects (Table 2) ; however, 83% of Six1 Cre/hpAP/-Fgf8 f/+ mutants exhibited IAA-B or cervical aortic arch phenotypes. This functional interaction strongly suggests that Six1 and Fgf8 are in the same genetic pathway and synergistically regulate cardiovascular morphogenesis. Decreased expression of Fgf8 likely contributes to the observed del22q11-like phenotypes in Six1 -/-Eya1 -/mutants.
Exogenous Fgf8 rescues endothelial-to-mesenchymal transformation defects. Fgf8 signaling is critical for endothelial-to-mesenchymal transformation (EMT) in the proximal OFT cushions and for CNC migration and invasion of both proximal and distal OFT cushions (26, 31) . Consistently, we found that Six1 -/-Eya1 -/mutants had severely hypoplastic proximal and distal OFT cushions compared with WT littermate controls ( Figure 5, A-H) . Using an established OFT explant culture assay (26, 31, 57) , we found that both Six1 +/-Eya1 -/and Six1 -/-Eya1 -/mutants had a dramatic reduction in the number of mesenchymal cells that invaded the gel and migrated away from the beating myocardial explants (Figure 5, I-P) . These results suggest that the Six1/Eya1 complex is required indirectly through Fgf8 for EMT of OFT endothelial cells during cushion remodeling.
To determine whether Fgf8 is sufficient to rescue EMT in Six1 +/-Eya1 -/mutant phenotypes, we treated WT and mutant explants with recombinant Fgf8 isoform b protein (rFgf8b) or BSA control and assayed EMT by counting the total number of mesenchymal cells that invaded the gel as well as the distance migrated from the explant after invasion. Whereas very few mesenchymal cells were present in untreated compound mutant explants and the few present had not migrated far ( Figure 5J ), rFgf8b treatment almost fully rescued EMT and migration defects of Six1 +/-Eya1 -/mutants ( Figure 5 , I-P). The Six1 -/-Eya1 -/mutant phenotypes were also rescued, but to a lesser extent, indicating, not surprisingly, that additional factors downstream of Six1/Eya1 contribute to defects in the Six1 -/-Eya1 -/mutant.
Tbx1 is a genetic upstream regulator of Six1 and Eya1. Although human SIX1 and EYA1 do not map to chromosome 22q11.2, the shared morphological defects and molecular phenotype of decreased Fgf8 expression in Six1/Eya1 and Tbx1 mutant mouse models suggests that human SIX1 and EYA1 may be genetic modifiers of the del22q11 syndrome. To test this possibility using mouse models, we examined the functional relationship between Six1 or Eya1 and Tbx1 by analyzing compound mutants of these genes in a C57BL6/CD-1 mixed genetic background ( Figure 6 , A-D, and Table 3 ). Whereas 25% of Tbx1 +/mutants (n = 12) had cardiovascular defects at E17.5, none of the Eya1 +/mutants did (n > 10). Penetrance of these defects increased to 73% in Eya1 +/-Tbx1 +/mutants (n = 15). Remarkably, although approximately 80% of Eya1 -/mutants had cardiovascular phenotypes (n = 13), none of them had the severe defect of a single outflow vessel seen in Tbx1 -/mutants, in contrast to 100% of Eya1 -/-Tbx1 +/mutants (n = 5; Figure 6D and Table 3 ). Similar to Eya1/Tbx1 compound mutants, 63% of Six1 -/-Tbx1 +/mutants (n = 8) had cardiovascular phenotypes, in contrast to less than 5% of Six1 -/mutants (n = 20) and 33% of Tbx1 +/mutants (n = 9). Together, these findings demonstrated that Six1, Eya1, and Tbx1 are in a common genetic pathway controlling cardiovascular and craniofacial development.
Since Tbx1 expression in the pharyngeal epithelia appeared to be unaffected in Six1 -/-Eya1 -/mutants ( Supplemental Figures 7 and 8) , we next examined the possibility that Six1 and Eya1 function downstream of Tbx1. Both Six1 and Eya1 were downregulated in the presumptive caudal arch tissue (PA3-PA6 region) of Tbx1 mutants ( Figure 6 , F and I). It is not clear whether the observed reduction of Six1 and Eya1 expression in Tbx1 mutants is attributable to arch hypoplasia and failed segmentation (i.e., fewer cells to express the genes), or rather reflects a direct effect of Tbx1 loss of function on expression of these genes (i.e., less expression in affected cells). We reasoned that if Six1 and Eya1 are genetically downstream of Tbx1, increased levels of Tbx1 should result in their upregulation. We therefore examined transgenic mice that overexpress human TBX1 using a BAC (20) . As expected, 54% of the transgenic mice had vascular defects involving the aortic arch and/or great vessels in the face of relatively normal morphology of the pharyngeal apparatus (20, 58, 59) . We noted enhanced expression of both Six1 and Eya1 in the PA3-PA6 region ( Figure 6 , G and J). Six1, but not Eya1, was also upregulated in pharyngeal mesoderm ( Figure 6G , arrows), including primordium of the lateral rectus eye muscle and the first branchial arch core mesoderm. Eya1 expression in the pharyngeal epithelia, particularly in the pharyngeal clefts, was increased in TBX1 Bac/+ transgenic mice (Figure 6J, arrowheads) . Together, these loss-of-function and gain-of-function analyses revealed a functional relationship in which Tbx1 is genetically upstream of Six1 and Eya1 during cardiocraniofacial morphogenesis. It remains to be determined whether Tbx1 directly regulates Six1 and Eya1 gene expression in vivo.
Discussion
Here, we uncovered what we believe to be a novel function for the Six1/Eya1 transcription complex in cardiovascular development and delineated a Tbx1-Six1/Eya1-Fgf8 regulatory cascade that controls morphogenesis of mammalian heart and face. Our findings suggest that dysregulation of this molecular pathway is likely to be a critical mechanism underlying the pathogenesis of del22q11-like syndromes in humans.
The present study provides evidence that Six1 is transiently expressed in cardiac progenitors in the SHF and proepicardium and contributes directly to cardiovascular development. The restricted distribution pattern of Six1 progeny, which is reminiscent of the SHF in chicks (3) , suggests that Six1 is expressed in a subpopulation of the SHF lineages marked by Isl1 or Tbx1 (4, 60) . It is also possible, however, that the lineage tracing experiments may be limited by inefficient recombination rate as a result of weak enhancer activity of the endogenous Six1 locus in these cells. We showed that Six1 and Eya1 were broadly expressed in the pharyngeal ectoderm, endoderm, and mesoderm (including SHF). Consequently, deletion of both genes resulted in downregulation of Fgf8 in all 3 cell layers, all of which are likely to contribute to the observed morphological defects of cardiocraniofacial structures (21, 24, 25) . Future conditional knockout experiments will be needed to define the tissue-specific roles of Six1/Eya1. Six1 -/-Eya1 -/mutants had a single unseptated OFT in addition to other typical vascular defects seen in del22q11 human patients (Figure 1 ). It has been proposed that the lesion diagnosed as PTA in some cases of human del22q11 and animal models of this syndrome may in fact be a severe form of pulmonary atresia in which the entire RV outflow fails to form, resulting in a single outflow vessel that is the aorta (43, 61) . However, at this point, the morphological and molecular criteria for this important distinction remain to be established. Based on the variable and abnormal outflow valve morphology and the size and location of the outflow vessel in Six1 -/-Eya1 -/mutants, we think the defect is likely PTA, but recognize the possibility that the spectrum of defects in these mutants may include pulmonary atresia. To our knowledge, no direct in vivo transcriptional regulator of Fgf8 has previously been described. Loss of Tbx1 causes a significant reduction of both Fgf8 and Fgf10, which may have redundant roles during cardiovascular development (12, 14, 16, 21, 27, 62) . Fgf10 in the SHF, but not Fgf8, is a direct downstream target of Tbx1 (1, 14, 16) . Hu et al. demonstrated that Tbx1 is required for an orthologous region upstream of the human FGF8 locus to enhance reporter activity in the OFT of transgenic mice; expression of the enhancer in the PAs (including SHF) was not affected by loss of Tbx1 (14) . Furthermore, mutation of 3 putative Tbx1 binding sites found in the FGF8 enhancer did not affect its activity in vivo. Thus, it is unclear whether Tbx1 directly activates Fgf8 in vivo. We found that Tbx1 expression was unaltered in the Six1 -/-Eya1 -/mutants (Supplemental Figures  6-8 ), despite the severe morphological caudal arch defects. Both Six1 and Eya1 were reduced in Tbx1 -/loss-of-function mutants and enhanced in the Tbx1 Bac/+ gain-of-function transgenics ( Figure 6 ). Tbx1 may therefore be genetic upstream of Six1 and Eya1. Furthermore, we demonstrated that Six1 and Fgf8 were coexpressed in the pharyngeal ectoderm and endoderm and in some cardiac progenitors in the SHF. Fgf8, but not Fgf10, was severely reduced in all these cells in the Six1 -/-Eya1 -/mutants (Figure 4 and Supplemental Figure  7 ). We showed that not only did Six1/Eya1 compound mutants share cardiovascular and craniofacial features with Fgf8 mutants, they synergistically interacted to regulate pharyngeal artery patterning, which strongly suggests that they are in the same genetic pathway. Taken together, our results indicate that the Six1/Eya1 transcription complex directly controls Fgf8 expression through an evolutionarily conserved enhancer element (Figure 4) . Future studies will determine whether Tbx1 is a direct regulator of Six1 and Eya1.
Recent studies in Drosophila melanogaster demonstrate that the fly eya1 ortholog is a direct downstream target of tinman. Nkx2.5, the mammalian ortholog of tinman, is required for both PHF and SHF development (63, 64) . In Drosophila, eya1 and tinman are initially coexpressed throughout the mesoderm, after which their localization becomes mutually exclusive, with eya restricted to ventral mesoderm and tinman present only dorsally. tinman is also required for Drosophila expression of six4 and differentiation of muscle along the dorsoventral axis (65) . In addition, zebrafish six1 and eya1 were reported to function downstream of tbx1 during craniofacial myogenesis (66) . Thus, an evolutionarily conserved network consisting of Tbx1, Nkx2.5, Six1, and Eya1 may be critical for specification and differentiation of cranial skeletal and cardiac muscle.
Haploinsufficiency of SIX1 and EYA1 in humans causes BOR syndrome (35, 36) , which often exhibits kidney and ear anomalies but does not routinely feature cardiovascular defects. It is important to note that frequent and severe cardiovascular defects were found only in Six1 -/-Eya1 -/mutant mice ( Table 1) . Renal defects are seen in nearly one-third of del22q11 patients (9, 10, 41, 42) , but Tbx1-null mutants do not exhibit any apparent renal defects (18) (19) (20) . Thus, TBX1 haploinsufficiency is unlikely to be the genetic basis for the renal defects in affected human del22q11 patients. In contrast, Six1 and Eya1 were critical regulators of kidney development (Supplemental Table 1 and refs. 35, 52) . We hypothesize that mutations of human SIX1 and EYA1 likely contribute to the pathogenesis of del22q11 syndrome and that the pathogenesis of human BOR and del22q11-like syndromes may be linked. OFT explant culture. The OFT explants were cultured as previously described (26, 31, 57) . OFTs of E9.5 embryos were microdissected and divided into halves along the longitudinal axis from proximal to distal. For the rescue experiments, 50 ng/ml mouse rFgf8b (R&D Systems) or vehicle solution (0.1% mg/ml BSA in PBS) was added. Cell migration distance from the edge of the explant was measured at 8 different locations every 45° and then averaged. The number of migrating cells was normalized to the explant area. Data represent 3 independent experiments.
Statistics. Paired 2-tailed Student's t test was used for data analysis between groups for qRT-PCR, pH3 and TUNEL staining, in vivo ChIP, reporter assay, and OFT explant culture. Data are presented as mean ± SEM (n = 3). Phenotypic data were analyzed with Fisher exact test. P values less than 0.05 were considered statistically significant.
